Nociceptin (NC), by activating its receptor, the opioid receptor-like 1 (ORL1) receptor, exerts an effect on a number of functions in the nervous system including locomotion, learning and memory, and processing of pain signals. Data on the expression of NC and ORL1 receptor in dorsal root ganglion (DRG) neurons and on its modulation after nerve injury and inflammation are controversial. We therefore sought to investigate the immunoreactivity (IR) of NC and ORL1 receptor in DRG neurons in two pain models, a pure neuropathic pain model, namely partial sciatic nerve transection (PST), and an inflammatory pain model, complete Freund's adjuvant (CFA) injection into the hindpaw. In intact DRG neurons, both NC and ORL1 receptor IR were present in mainly small-and mediumsized neurons, NC IR in 31% and ORL1 receptor IR in 33% of all neuronal profiles. Both NC and ORL1 receptor IR were upregulated 7 days after nerve injury (to 56 and 55%) and inflammation (to 53 and 48%), respectively. Activating transcription factor 3 (ATF3), a neuronal marker of nerve injury, was induced in DRG neurons 7 and 14 days after PST and 7 days after CFA injection. Double labeling with ATF3 revealed expression of NC and ORL1 receptor in intact as well as in injured primary afferent neurons. Thus, NC and the ORL1 receptor may be involved in the modulation of neuropathic and inflammatory pain at the level of the primary afferent neuron.
Introduction
Nociceptin (NC) (Meunier et al., 1995) , otherwise known as orphanin FQ (Reinscheid et al., 1995) , is an endogenous ligand for the opioid receptor-like 1 (ORL1) receptor. Although sharing sequence homology with classical opioid peptides, NC has a distinct pharmacological profile. Injections of NC into the central or peripheral nervous system of rats and mice change their responsiveness to painful stimuli. Both pro-and antinociceptive effects have been reported in a variety of animal models depending on the testing paradigm, animal species, doses, and route of administration (Calo' et al., 2000; Mogil and Pasternak, 2001; Heinricher, 2003) . The diverse effects of NC are consistent with its supposed neuromodulatory function, exercised via the ORL1 receptor. The receptor is a G i /G 0 -protein-coupled receptor whose activation results in inhibition of voltage-gated N-type calcium channels, suppression of adenylate cyclase, and activation of K þ channels, which in turn inhibits release of neurotransmitters (Henderson and McKnight, 1997) . NC, acting through the ORL1 receptor, produces antinociception in several models of neuropathy and inflammation. For example, intrathecal injection of NC reduced and suppressed mechanical allodynia in rats with diabetes and traumatic nerve injury (Courteix et al., 2004) , and it attenuated the thermal hyperalgesia in rats with sciatic nerve chronic constriction injury (CCI) (Yamamoto et al., 1997a) . NC produced antihyperalgesic and antiallodynic effects in rats after photochemically induced peripheral nerve or spinal cord ischemic injury (Hao et al., 1998) . NC applied intrathecally had antinociceptive effects in the rat and mouse formalin test (Yamamoto et al., 1997b; Nakano et al., 2000) and in carageenan-induced pain (Yamamoto et al., 1997c; Hao et al., 1998; Xu et al., 1999) . These results imply that NC can suppress pain transmission at the spinal cord level under pathological conditions. NC and its receptor are localized in various regions of the central nervous system, which are associated with nociception, such as the cerebral cortex, thalamus, periaqueductal gray, and the spinal cord dorsal horn. The ORL1 receptor has been detected in the lumbar dorsal horn and the dorsal root ganglia (DRG). A similar pattern of distribution exists for NC and its precursor prepronociceptin (ppNC) mRNA (Harrison and Grandy, 2000; Mogil and Pasternak, 2001) . Using different techniques such as immunohistochemistry, radioimmunoassay, autoradiography, and reverse transcription-polymerase chain reaction, some investigators showed increases in NC immunoreactivity (IR) in the spinal cord after injection of carageenan into the hindpaw (Rosen et al., 2000) and ligation of the sciatic nerve (Gabriel et al., 2004) ; further, the ORL1 receptor protein and mRNA in the spinal cord were upregulated after injection of carageenan into the hindpaw (Jia et al., 1998) and in CCI of the sciatic nerve (Briscini et al., 2002) . In DRG, NC (Pettersson et al., 2002) and ppNC mRNA (Mika et al., 2003) have been shown in small neurons in naïve rats. Others found little or no ppNC mRNA in naïve rat DRG neurons but marked induction after carageenan-elicited inflammation (Andoh et al., 1997; Itoh et al., 2001) . Interestingly, ppNC mRNA did not change in rat DRG neurons after CCI (Briscini et al., 2002) . Although only weak ORL1 receptor IR was found in relatively few medium-sized somata in rat lumbar DRG (Monteillet-Agius et al., 1998) , ORL1 mRNA was detected in rat DRG and it was upregulated after CCI (Briscini et al., 2002; Pettersson et al., 2002; Mika et al., 2003) .
Thus, in spite of considerable knowledge about the roles of NC and ORL1 receptor in nociception and their distributions at the spinal cord level, data on their expression in DRG neurons and its modulation after nerve injury and inflammation are controversial. We therefore used two different pain models, namely partial sciatic nerve transection (PST), a pure nerve injury neuropathic pain model (Lindenlaub and Sommer, 2000) , and complete Freund's adjuvant (CFA) injection into the hindpaw, a well-established inflammatory pain model (Stein et al., 1988) , to investigate the changes of both NC and ORL1 receptor IR in primary sensory neurons.
Materials and Methods

Animals and procedures
Male Sprague-Dawley rats (200-300 g; Charles River) were used in this study. Animals were housed on a 14:10 h light:dark cycle with standard rodent chow and water available ad libitum. All experiments were approved by the Bavarian state authorities and carried out in accordance with the European Communities Council Directive of 24 November 1986 (86/609/EEC) for the care and use of laboratory animals.
L4 DRGs from rats sacrificed 7 days (n ¼ 4) and 14 days (n ¼ 4) after PST were from a previous experiment (Lindenlaub and Sommer, 2000) . Briefly, under barbiturate anesthesia, the sciatic nerve was exposed at midthigh level and a prolene 7/0 ligature was placed through the midpoint of the nerve just cranially to the branch running to the musculus biceps femoris. Half of the diameter of the nerve was transected in a ventrocranial direction up to the ligature and then the ligature was removed. Six rats received CFA injections. Under ether anesthesia, 50 ml of CFA [Mycobacterium tuberculosis; Difco Laboratories; diluted 1 : 1 with phosphate-buffered saline (PBS), 2 mg/ml] was injected subcutaneously into the intraplantar surface of one hindpaw with a Hamilton syringe coupled to a 30-gauge needle. Rats were sacrificed 7 and 14 days after PST and 7 days after CFA injection. Following peripheral nerve lesions, there are well-documented events on the contralateral nonlesioned sides (Koltzenburg et al., 1999) ; accordingly, the contralateral DRG neurons of partial sciatic nerve-transected and CFA-injected rats were not used as controls. Four additional rats that received a sham operation, where the sciatic nerve was exposed but not ligated, were used as a control group for PST. Three additional rats that received intraplantar injection of normal saline were used as a control for CFA injection. In a preliminary analysis, morphometric data (see below) were not different between normal saline-injected and sham-operated control rats (data not shown), such that only data from the sham-operated control rats were used for further analysis.
Immunohistochemistry
The ipsilateral L4 DRG were removed, mounted in Tissue Tek OTC (Dialec) embedding compound, quickly frozen in liquid nitrogen, and stored at À80°C. DRG were sectioned on a cryostat at a thickness of 10 mm. In each rat, six DRG serial sections were selected randomly [three sections on one slide for NC and activating transcription factor 3 (ATF3) double staining, and three for ORL1 receptor and ATF3 double staining]. Sections were thaw-mounted onto Superfrost Plus slides (R. Langenbrinck) and air-dried for 30 min. Sections were postfixed for 10 min in acetone at À20°C and blocked with 10% bovine serum albumin/PBS for 30 min. The following antibodies were used for immunofluorescence: rabbit antinociceptin antibody (AB; 1 : 800; Chemicon), polyclonal goat anti-KOR3 (otherwise known as polyclonal goat anti-ORL1; 1 : 250; Santa Cruz Biotechnology), polyclonal sheep anti-ATF3 (1 : 100; Biogenesis). Sections were incubated at 4°C for 24 h, washed three times for 10 min in PBS, and incubated for 2 h in a Cy3conjugated or Cy2-conjugated secondary AB (1 : 100; Dianova). After immunostaining, sections were viewed and digitized at a magnification of Â400 with a Zeiss Axiophot 2 microscope (Zeiss) and the relevant filter blocks (for Cy3, 546 nm and for Cy2, 450-490 nm) and quantitatively analyzed by Image Pro Plus software (version 4.0; Media Cybernetics). The density threshold for positive IR was determined by averaging two or three cell bodies in each section that were judged to be minimally positive. All neurons for which the mean density exceeded the threshold were counted as positive, and the positive cells were expressed as the percentage of the total of counted DRG neurons [% ¼ (positive cells/total counted cells] Â 100). The area of the NC and ORL1 receptor IR neuronal profiles was measured and displayed as size frequency distributions. The number of neuronal profiles labeled for both ATF3 and NC or ORL1 receptor, relative to the total number of NC-or ORL1-receptorpositive profiles, was obtained from double-labeled sections. To distinguish cell-size-specific changes, we characterized the DRG neurons as small (,600 mm 2 ), medium (600-1,200 mm 2 ) and large (.1,200 mm 2 ), according to their cross-sectional area (Fukuoka et al., 2001) . Omission of the primary AB and preabsorption with excess antigenic peptide abolished the specific signal of primary AB (data not shown).
Statistical analysis
Results are presented as mean AE SEM. Data were tested for statistical significance using unpaired t test or ANOVA with post hoc comparison using Tukey test (SPSS 10.0). Significance was assumed with p values of less than 0.05.
Results
NC and ORL1receptor IR is increased in DRG neurons after PSTand CFA
In DRG from sham-operated rats (controls), 31% of neurons displayed IR for NC and 33% for ORL1 receptor (Figs. 1A and 1B ). NC and ORL1 receptor IR were present in neurons of all sizes but predominantly in small-and medium-sized neurons (Figs. 1E and 1F; Fig. 3A; Fig. 4A ). NC immunostaining caused intense somal IR with heterogeneously stained cytoplasm; ORL1 receptor IR was additionally present in nuclei. Seven days after PST or CFA injection, there was a significant increase in IR in the ipsilateral DRG: 56 and 55% neurons were positively labeled for NC and ORL1 receptor after PST ( Figs. 1A and 1B; Fig. 3D ; Fig. 4D ; p , 0.01 compared with controls) and 53 and 48% after CFA injection ( Figs. 2A and 2B; Fig. 3G ; Fig. 4G ; p , 0.01 compared with controls). In addition, there was also a marked increase in NC and ORL1 receptor IR at day 14 after PST (Figs. 1A and 1B; p , 0.01 compared with controls). After both PST and CFA injection at 7 days, the number of smallsized DRG neurons with areas of 200-400 mm 2 with NC and ORL1 receptor IR was reduced (p , 0.01 and p , 0.05 compared with controls). In contrast, there was a trend toward an increase in NC and ORL1 receptor IR in large-sized (.1,200 mm 2 ) neurons (Figs. 1E and 1F; Figs. 2E and 2F; Figs. 3D and 3G; Figs. 4D and 4G) .
Presence of NC and ORL1receptor IR in injured neurons
ATF3 was used as a marker for injured neurons (Tsujino et al., 2000) . None or very few neurons with ATF3 IR were found in DRG of sham-operated rats (Figs. 1A and 1B; Figs. 2A and 1B;  Fig. 3B; Fig. 4B ). Seven and 14 days after PST, 30-37% of neurons displayed ATF3 IR (Figs. 1A and 1B; Figs. 3E and 3H) , and 7 days after CFA injection, 23-24% of neurons displayed ATF3 IR ( Figs. 2A and 2B; Figs. 4E and 4H ). In neurons from control DRG, there was no colocalization of NC and ORL1 with ATF3 ( Figs. 1C and 1D ; Figs. 2C and 2D; Fig. 3C; Fig. 4C ). Both NC and ORL1 receptor were coexpressed with ATF3 7 days after PST (39 and 27%, respectively; Figs. 1C and 1D; Fig. 3F; Fig. 4F ) and 7 days after CFA injection (30 and 17%, respectively; Figs. 2C and 2D; Fig. 3I; Fig. 4I ). Colocalization of NC and ORL1 receptor with ATF3 was still present 14 days after PST (Figs. 1C and 1D ).
Discussion
The main findings in this study are an increase in NC and ORL1 receptor IR in L4 DRG neurons 7 days after induction of a partial sciatic nerve injury (PST) or hindpaw inflammation (CFA). ATF3 as an indicator of injured neurons was induced in one-fourth to onethird of DRG neurons in both models. NC and ORL1 receptor were present in injured and uninjured neurons in both models.
The increase of NC IR after CFA injection is consistent with previous work, showing carageenan-induced Figure 1 . Percentage of nociceptin (NC) (A) and ORL1 receptor immunoreactivity (IR) (B) in ipsilateral L4 dorsal root ganglion neurons in controls, 7 days, and 14 days after partial sciatic nerve transection (PST). Percentage of activating transcription factor 3 (ATF3) IR neurons in the same sections as visualized after double staining. NC (A) and ORL1 receptor IR (B) are increased 7 days after PST (**p , 0.01 compared with controls, unpaired t test). Colocalization of NC (C) or ORL1 (D) with ATF3. Seven and 14 days after PST, NC and ORL1 receptor IR were colocalized with ATF3, in 39 and 27% of neurons, respectively. Size frequency histograms illustrating the distribution of cross-sectional areas of NC (E) and ORL1 receptor IR (F). NC and ORL1 receptor IR were predominantly localized in small-to medium-sized neurons. Note a size frequency shift away from small-sized (200-400 mm 2 ) neurons 7 days after PST ( ## p , 0.01 compared with controls, ANOVA followed by Tukey test). n ¼ 4 for each group. expression of ppNC mRNA (Andoh et al., 1997) . Although ppNC mRNA did not change in L5 and L6 DRG neurons after CCI in a previous study (Briscini et al., 2002) , we found increased NC IR in DRG neurons after PST. This discrepancy may be related to the difference in neuropathic pain models but more likely to the investigation of mRNA vs. protein. It is conceivable that the increase in NC protein after nerve injury is due to posttranscriptional regulation. After PST and CFA injection, ORL1 receptor IR was increased in DRG neurons. This is in agreement with previous studies, showing that ORL1 mRNA is present in rat DRG and upregulated after CCI (Briscini et al., 2002; Pettersson et al., 2002; Mika et al., 2003) . 6) . Percentage of activating transcription factor 3 (ATF3) IR neurons in the same sections as visualized after double staining. NC (A) and ORL1 receptor IR (B) are increased 7 days after CFA (**p ,0.01 compared with control, unpaired t test). Colocalization of NC (C) or ORL1 (D) with ATF3. Seven days after CFA, NC and ORL1 receptor IR were colocalized with ATF3, in 30 and 17% neurons, respectively. Size frequency histograms illustrating the distribution of cross-sectional areas of NC (E) and ORL1 receptor IR (F). NC and ORL1 receptor IR were predominantly localized in small-to medium-sized neurons. Note a size frequency shift away from small-sized (,400 mm 2 ) neurons 7 days after CFA injection ( # p , 0.05 and ## p , 0.01 compared with controls, ANOVA followed by Tukey test).
Additionally, the increases in NC and ORL1 receptor IR after PST and CFA injection are in line with previous reports, showing that peripheral nerve injury and inflammation induce upregulation of the synthesis of other opioid peptides and receptors at the spinal cord level (Dubner and Ruda, 1992; MacArthur et al., 1999; Truong et al., 2003; Zö llner et al., 2003) . Considering that both pro-and anti-nociceptive effects of NC at the spinal cord level have been reported (Calo' et al., 2000; Mogil and Pasternak, 2001; Heinricher, 2003) , it remains to be determined whether the activation of the NC/ORL1 receptor system after PST and CFA injection is associated with hyperalgesia or with the suppression of nociceptive hypersensitivity. The distribution of NC generally matched that of ORL1 receptor in control, PST-, and CFA-treated DRG neurons. After PST and CFA injection, a larger percentage of large DRG neurons, which probably correspond to low-threshold myelinated mechanoreceptors, expressed NC and ORL1 receptor. Thus, a phenotypic change occurred following neuropathy or inflammation, namely a decrease in some classes of small-sized DRG neurons for NC and ORL1 receptor IR, and there was a trend toward an increase in large-sized neurons.
The role of NC in afferent neurons is as yet incompletely understood. The majority of functional studies using behavioral and electrophysiological studies have shown that at the spinal level, NC produces antinociception through pre-and postsynaptic mechanisms. Just like m, d, and k receptors, activation of ORL1 receptor by NC is associated with inhibition of cyclic adenosine monophosphate formation (via G i / G o -mediated intracellular signaling), closure of voltage-gated N-type calcium channels, enhancement of an inwardly rectifying potassium conductance, and, ultimately, reduction of neuronal excitability (Hawes et al., 2000) . NC release into the spinal cord can reduce dorsal horn reflexes and thus attenuate neurogenic inflammation (Dong et al., 2002) . The inhibitory actions of NC are increased after inflammation, which has been attributed to an increase in spinal ORL1 receptor density (Carpenter et al., 2000) . The increase in NC in DRG neurons and thus the possibly enhanced spinal NC release from afferent neurons may be an additional factor in this regulatory circuit. At the DRG level, electrophysiological studies predicted an excitatory effect of NC (Abdulla and Smith, 1998) . This dichotomy between an excitatory peripheral effect and an inhibitory central effect is known for other molecules such as serotonin that is regulated by nerve injury or inflammation (Sommer, 2004) . Axonal transport of ORL1 receptor from the DRG to the periphery and insertion into axonal membranes is likely because inflammation is known to enhance transport and accumulation of opioid receptors on the peripheral terminals of sensory neurons (Janson and Stein, 2003) . Production and release of NC from nonneuronal cells like neutrophils and blood lymphocytes (Arjomand et al., 2002; Fiset et al., 2003) may be increased in peripheral tissues in inflammation and act on afferent fibers. Whether this assumed action of NC on ORL1 receptor on peripheral nerve is inhibitory or excitatory will have to be examined.
Antinociceptive actions of NC are mediated by the ORL1 receptor because they are absent in ORL1 receptor knockout mice (Henderson and McKnight, 1997; Calo' et al., 2000; Mogil and Pasternak, 2001 ). Furthermore, [Nphe1]NC(1-13)NH2, a pure and selective antagonist of the ORL1 receptor, antagonized the spinal inhibitory effect of NC (Xu et al., 2002) . These results implied that NC produces analgesic effects in spinal cord via its receptor, namely ORL1. However, Bertorelli and colleagues suggested that the presence of ORL1 receptor is not crucial for the development of either acute or CCI-induced neuropathic nociceptive responses , such that the significance of signaling via the ORL1 receptor in neuropathic pain is as yet unclear.
The induction of ATF3 is part of the cellular response after nerve injury. Following transection of a peripheral nerve, ATF3 mRNA is immediately induced in virtually all DRG neurons. The ATF3 mRNA signal was also shown in some DRG neurons 3 days after intraplantar injection of formalin but not on day 3 after intraplantar injection of CFA (Tsujino et al., 2000) . ATF3, a member of the ATF cyclic AMP response element-binding protein (CREB) family of transcription factors, is a stress-induced gene, its mRNA level greatly increases on the exposure of cells to stress signals. In cultured cells, the signals include serum factors, cytokines, genotoxic agents, cell-deathinducing agents, and the adenoviral protein E1A. In animal models, the signals include ischemia, ischemia coupled with reperfusion, wounding, axotomy, toxicity, seizure, and chemicals such as alcohol, carbon tetrachloride, or acetaminophen (Hai and Hartman, 2001) . In this study, 23-24% of DRG neurons showed ATF3 IR 7 days after CFA injection. This apparent discrepancy with previous work (Tsujino et al., 2000) may be due to the difference in time-points, methods, and sensitivity of detection. CFA leads to a significant activation of c-Jun N-terminal kinase (JNK) in DRG neurons at 60-120 min (Doya et al., 2005) . Although it is still uncertain whether this activation may be responsible for the effects we saw at 7 days after CFA injection, it is conceivable that ATF3 expression may be induced via JNK in the CFA model when considering that ATF3 was originally identified as a stress-activated factor that can be induced by the JNK pathway (Hai and Hartman, 2001) .
Given that a subpopulation of NC and ORL1 receptor IR neurons were injured in the two models used, the increase in IR for both the ligand and the receptor has to be attributed to injured as well as uninjured neurons. This is another example of a phenotype change in neighboring uninjured neurons in a partially injured nerve, as previously shown, for example, for brain-derived neurotrophic factor and tumor necrosis factor-alpha (Fukuoka et al., 2001; Schä fers et al., 2003) . Assuming that the ATF3 IR neurons are injured and thus not functional, the presence of NC and its receptor in the uninjured population should be functionally more important and may have a role in processing of nociceptive information.
In conclusion, our data showed that both NC and ORL1 receptor IR are present in naïve DRG neurons; further, they are increased after peripheral nerve injury and inflammation. This study suggests that the NC/ORL1 receptor signaling pathway is active in the processing of pain information within DRG neurons, thus modulating afferent transmission already at the level of the first afferent neuron.
